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ORGANIC FIELD EFFECT ELEMENT HAVING
ORGANIC LAYERS WITH DIFFERENT CARRIER
CONCENTRATIONS

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an organic field ef-
fect element using an organic material.

2. Description of the Related Art

Conventional organic field effect elements using or-
ganic materials are described in, e.g., Published Unex-
amined Japanese Patent Application Nos. 61-202469,
63-14471, 63-14472, 1-89368, 1-259563, and 1-259564.
These elements will be described below with reference
to FIG. 1. |

A gate electrode 2 is formed on a substrate 1, an
insulating film 3 1s formed to cover the entire surface of
the gate electrode 2. As the insulating film, an oxide film
or a polymer film such as a polysiloxane film is used. A
source electrode 4 and a drain electrode 5 are formed
separately to each other on the insulating thin film 3,
and a semiconductor layer 6 consisting of a #-conju-
gated polymer is formed to constitute a channel region
between the source and drain electrodes 4, 5.

The operative principle of the organic field effect
element in FIG. 1 will be described below. A current
flowing in the channel is determined by a potential
difference between the source and the drain electrodes
4, 5 and the resistance of the channel. In this case, the
resistance of the channel is determined by the electric
resistance of the 7-conjugated polymer when no volt-
age is applied to the gate electrode 2. On the other hand,
when a voltage is applied to the gate electrode 2, carri-
ers mn the w-conjugated polymer are attracted to and
accumulated in the channel, thereby decreasing the
resistance of the channel. In this manner, the current
flowing in the channel can be controlled by the poten-
tial of the gate electrode 2 (e.g., A. Tsumura et al.,
Synthetic Metals, Vol. 25, pp. 11-23).

A field effect element is required to have the follow-
ing characteristics. That is, a current (to be referred to
as an ON current hereinafter) obtained when a voltage
1s applied to the gate electrode is large, and a ratio of the
ON current to a current (to be referred to as an OFF
current hereinafier) obtained when no voltage is ap-
plied to the gate electrode is large.

In a conventional organic field effect element, in
order to mcrease an ON current, the carrier mobility in
a channel must be increased, or the number of carriers
accumulated in the channel must be increased. How-
ever, when the carrier mobility in the channel is in-
creased, an OFF current is also increased. In addition,
in order to increase the number of carriers accumulated
in the channel without an increase in voltage applied to
the gate electrode, the number of carriers in a 7-conju-
gated polymer must be increased. However, also in this
case, an OFF current is increased. Therefore, in order
to increase the ON current and to decrease the OFF
current, 2 new means 1s required at present.

The above point is important when a field effect
element is applied to particle use. As an example of an
application of a field effect element, an active matrix-
type drive circuit in a liquid crystal display is known. In
this liquid crystal display, a field effect element is
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formed to each pixel, and a drain electrode and the pixel

electrode are connected to each other, thereby control-
ling signal voltages applied to the pixel electrode by a

2

gate electrode. The active matrix is better than a simple
matrix. That is, the active matrix has a smaller leakage
signal between pixels and higher image quality such as
contrast, resolution, and pixel density than those of the
simple matrix. In a conventional active matrix, a field
effect element having an inorganic semiconductor thin
film, such as amorphous silicon, has been used (e.g.,
Kaichi1 Fukuda et al., The Transactions of the Institute
of Electrical Engineers of Japan, Vol. 110-A, No. 10,
pp. 639-666 (1990)). Also in a field effect element used
In the active matrix, in order to obtain a liquid crystal
display having high quality such as a high contrast, a
high resolution, and a high pixel density, an ON current
must be increased, and an OFF current must be de-
creased, 1.e., an ON/OFF current ratio must be in-
creased. In addition, in order to increase a response of
the liquid crystal display, the ON current must be in-
creased (Masakiyo Matsumura et al., The Transactions
of the Institute of Electrical Engineers of Japan, Vol.
110-A, No. 10, pp. 657-658 (1990)).

In recent years, there exists a demand for a liquid
crystal display having a large area, and thus a glass or
plastic substrate having a large area on which field
effect elements are largely integrated has been required.
However, it is very difficult to form an inorganic semi-
conductor such as an amorphous silicon into a thin film
having a large area with uniform quality. In addition,
since the substrate must be heated to 200° C. or more in
the process of manufacturing the inorganic semiconduc-
tor thin film, a plastic substrate cannot be used. Further-
more, the inorganic semiconductor thin film has a draw-
back that it 1s easily cracked by shock or expansion and
contraction caused by heat resulting in poor reliability.

In order to solve the above problems, there is pro-
posed an active matrix-type liquid crystal display using
an organic field effect element having a #-conjugated
polymer thin film in place of an inorganic semiconduc-
tor thin film (e.g., Published Unexamined Japanese Pa-
tent Apphlication Nos. 62-85224 and 1-259323). Since
such an organic field effect element has advantages as
compared with a field effect element using an inorganic
semiconductor thin film, it is very important to increase
an ON current to increase an ON/OFF current ratio.
However, in the conventional organic field effect ele-
ment, it 1s disadvantageously difficult to increase an ON
current to increase an ON/OFF current ratio as above-
described.

SUMMARY OF THE INVENTION

It 1s an object of the present invention to provide an
organic field effect element having a large ON current
and a large ON/OFF current ratio.

According to the present invention, there is provided
an organic field effect element comprising a source
electrode and a drain electrode formed separately to
each other, a first organic layer constituting a channel
between the source and drain electrodes, a second or-
ganic layer formed to be adjacent to the channel and
having a carrier concentration different from that of the
first organic layer, and a gate electrode formed to be
opposite to the channel through the second organic
layer, wherein carriers are transferred between the sec-
ond and first organic layers in response to a voltage
applied to the gate electrode to change an electrical
conductivity of the channel.

The organic field effect element of the present inven-
tion has a structure, for example, in which the gate
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electrode is formed on the substrate, the second organic
layer is formed to cover the entire surface of the gate
electrode, the source and drain electrodes are formed
on the second organic layer with a predetermined
space, and the first organic layer is formed on the
source electrode, the drain electrode, and the second
organic layer between the source and drain electrodes.

Additional objects and advantages of the invention
will be set forth in the description which follows, and in

part will be obvious from the description, or may be
learned by practice of the invention. The objects and
advantages of the invention may be realized and ob-

tained by means of the instrumentalities and combina-
tions particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorpo-
rated i and constitute a part of the specification, illus-
trate presently preferred embodiments of the invention,
and together with the general description given above
and the detailed description of the preferred embodi-
ments given below, serve to explain the principles of the
invention.

FIG. 1 1s a sectional view showing a conventional
organic field effect element;

FIG. 2A 1s an energy band diagram for explaining
confinement of negatively charged carriers on an inter-
face between the first and second organic layers follow-
ing a change in Fermi level caused by transition of the
first organic layer to a metallic state in the organic field
effect element according to the present invention;

F1G. 2B is an energy band diagram for explaining
confinement of positively charged carriers on an inter-
face between the first and second organic layers follow-
ing a change in Fermi level caused by transition of the
first organic layer to a metallic state in the organic field
effect element according to the present invention;

FIG. 3 is a sectional view showing an organic field
effect element according to Example 1 of the present
invention:

FIG. 4 is a graph showing a relationship between a
potential Vd of a drain electrode with respect to a
source electrode and a current Id flowing in the drain
electrode using a potential Vg of a gate electrode with
respect to the source electrode as a parameter;

FIG. 5 1s a sectional view showing a liquid crystal
display using the organic field effect element in Exam-
ple I;

FIG. 6 is a sectional view showing an organic field
effect element according to Example 3 of the present
invention; and

FIG. 7 1s a graph showing a response of a drain cur-
rent to an irradiation of the light of a Xe flush lamp
having a pulse width of 5 usec from the gate electrode
side of the organic field effect element according to
Example 3 of the present invention, under the condition
where voltages of —5 V and —50 V are applied to the
drain and gate electrodes with respect to the source
electrode, respectively.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

In the present invention, any insulating material may
be used as a substrate.

In the present invention, as materials for a first or-
ganic layer constituting a channel and a second organic
layer formed to be adjacent to the channel, a 7-conju-
gated polymer, a o-conjugated polymer, and deriva-
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4

tives thereof are used. Examples of the w-conjugated
polymer are polyparaphenylene, polyacetylene, poly-
pyrrole, polythiophene, polyfuran, polyselenophene,
polyaniline, polyazulene, polypyrene, polyfluorene,
polyparaphenylenevinylene, polythienylenevinylene,
polybenzofuran, polybenzothiophene, polyindole, poly-
vinylcarbazole, polydibenzofuran, polyisothianaph-
thene, polyisonaphthothiophene, polydiacethylene,
polyphenylenesulfide, and polyphenyleneoxide. Exam-

ples of the o-conjugated polymer are polysilane and
polygermane.
As methods of forming the first and second organic

layers, deposition, electrochemical polymerization,
photo-irradated electrochemical polymerization, gas-
phase polymerization, a method in which a prepolymer
is polymerized by heat or a catalyst, and a method in
which a polymer is dissolved in a solvent to be coated
and dried are used.

In the present invention, the second organic layer has
a carrier concentration different from that of the first
organic layer, e.g., the second organic layer has a car-
rier concentration higher than that of the first organic
layer 1n a dark state or a light irradiation state. The
carrier concentration of the second organic layer be-
comes higher than that of the first organic layer, for
example, by doping a dopant. As a method of doping
the dopant in the second organic layer, the following
methods are used, in which the layer is exposed to a
doping vapor in the atmospheric pressure, the layer is
exposed to a doping vapor at a reduced pressure, the
layer 1s electrochemically doped in a solution contain-
ing a dopant, a dopant is brought into contact with the
second organic layer to be thermally diffused, and a
dopant 1s ion-implanted in the layer.

When electrons are used as carriers, examples of the
dopant are halogens (e.g., I3, Cl;, Bry, ICl, ICl;, IBr,
and IF), Lewis acids (e.g., PFs5, AsFs, SbFs, BF3, BCls,
BBr3, and SO3), protonic acids, organic acids, or amino
acids (e.g., HF, HCl, HNOj3, H>SO4, HCIO4, FSO3H,
CISO3H, and CF3;SO3H), transition metal compounds
(e.g., FeCls, FeOCl, TiCly, ZrCls, HfCly, NbFs, NbCls,
TaCls, MoFs, MoCls, WFg, WClg, UFg, and LnCl3 (Ln
is a lanthanoid)), anions (e.g., Cl—, Br—, I—, ClO4—,
BYFs—, PFs—, AsF¢—, SbF¢—, and anions of various
sulfonic acids). When holes are used as carriers, exam-
ples of the dopant are cations (e.g., H+, Li+, Na+, K+,
Rb~, and Cs+), alkali metals (e.g., Li, Na, K, Rb, and
Cs), alkaline-earth metals (e.g., Ca, Sr, and Br), O,
XeOF;, (NO2+)(SbF¢—), (NO2*)(SbCls—),
(NO2+)(BF4—), AgClO4, HaIrCls, La(NO3)3-6H20,
FSO200S0,F, Eu, acetylcholine, R4IN+ (R is an alkyl
group), R4P+ (R is an alkyl group), ReAs+ (R is an
alkyl group), and R3S+ (R is an alkyl group). At this
time, the carrier concentration N of the second organic
layer preferably satisfies a condition of N> 55,000 e¢/d2,

where d and € represent the thickness and permitivity of

the second organic layer, respectively. This is because,
when the carrier concentration is too low, a current
flowing in a channel may not be easily controlled by the
potential of a gate electrode.

In the present invention, the second organic layer
may have a stacked structure. For example, the second
organic layer may be formed by a stacked structure
consisting of a charge generation layer and a charge
transport layer. In this case, when the charge genera-
tion layer constituting the second organic layer is irradi-
ated with light, carriers are generated and transport
through the charge transport layer, so that the carrier
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concentration of the second organic layer becomes
higher than that of the first organic layer.

Any material which absorbs light and efficiently gen-
erates carriers may be used as a material constituting the
charge generation layer. Examples of the materials are
inorganic photoconductors (e.g., selenium, a selenium
alloy, CdS, CdSe, CdSSe, ZnO, and ZnS), various crys-
talline metallic phthalocyanine pigments (e.g., tita-
nylphthalocyanine and vanadylphthalocyanine), vari-
ous crystalline non-metallic phthalocyanine pigments,
azo dyes (e.g., a monoazo dye, a bisazo dye, a trisazo

dye, and a tetrakisazo dye), penylene pigments (e.g.,

penylene anhydride and penylene imide), polycyclic
quinon pigments (e.g., a perynone pigment, an indigoid
dye, a quinacridone pigment, anthraquinone, and di-
bromoanthoanthrone), aggregate complexes (consisting
of a cyanine dye, a xanthene dye, a pyrinium dye, or a
thiapyrinium die and a polycarbonate resin, a charge-
transfer complex (consisting of an electron-donor mate-
rial such as an azulenium dye, a squalinium dye, and
poly-N-carbazole and an electron-acceptor material
such as trinitrofluorenone.

The charge generation layer may consist of only a
charge generating material or may consist of the charge
generating material and a binder polymer. As the binder
polymer, a polyvinylbutyral resin, a phenoxy resin, or
the like 1s used. As a method of forming the charge
generation layer, a coating method (e.g., a spin coating
method, an immersion pulling method, a roller coating
method, a doctor blade method, and a spray method), a
vacuum deposition method, a sputtering method, a
plasma CVD method using glow discharge, or the like
1s used. A proper method is selected from these methods
in accordance with the type of a charge generating
material to be used.

As a material constituting the charge transport layer,
the above w-conjugated polymer, o-conjugated poly-
mer, and derivatives thereof can be used. As a method
of forming the charge transport layer consisting of these
materials, a deposition method, an electrochemical pol-
ymerization, a photo-irradiated electrochemical poly-
merization, a gas-phase polymerization, a method of
polymerizing a prepolymer by heat or a catalyst, a
method in which a polymer is dissolved in an appropri-
ate solvent to be coated and dried, or the like is used.

Another examples of the material constituting the
charge transport layer are a hydrazone compound, a
pyrazoline compound, an oxadiazole compound, a thia-
zole compound, a thiadiazole compound, a ketazine
compound, an enamine compound, an anisidine com-
pound, a stilbene compound, a butadiene compound, a
carbazole compound, and polymer compounds ob-
tained by introducing residual groups thereof to the
main or side chains of polymers.

The charge transport layer consisting of these materi-
als 1s formed as follows. A binder polymer is dissolved
In an appropriate organic solvent, and the above charge
transporting material i1s dissolved or dispersed in the
organic solvent to prepare a coating liquid. This coating
liquid is coated by a normal coating method and dried.
As the coating method, a spin coating method, an im-
mersion pulling method, a roller coating method, a
doctor blade method, or a spray coating method is used.

In this case, examples of the binder polymer are poly-
carbonate, polyester, polyester carbonate, polyvinyl
chloride, an acrylic resin, polyvinyl acetate, a vinyl
chloride-vinyl acetate copolymer, polyvinyl acetal, a
phenolic resin, a styrene-acrylic copolymer, polyary-

3

6

late, an alkyd resin, or a phenoxy resin. When the
charge transporting material can be formed into a film,
a binder polymer is not necessarily required. When the
binder polymer is used, a mixing ratio of the charge
transporting material to the binder polymer is prefera-

- bly set to be 1 part by weight:0.3 to 2 parts by weight.
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In the present invention, as a material for a gate elec-
trode, a material which can form a Schottky junction or
a heterojunction with the second organic layer is prefer-
ably used. As the material, a metal, a conductive oxide,
a semiconductor such as Si treated to decrease its resis-
tance, the above w-conjugated polymer, the o-conju-
gated polymer, or the derivative of the #-conjugated
polymer or the o-conjugated polymer is used.

When the second organic layer and the gate electrode
do not easily form the above junction, an insulating
layer may be formed between the second organic layer
and the gate electrode. If the insulating layer is formed
when the junction is not easily formed, carriers in the
gate electrode are prevented from being injected in the
second organic layer. As a result, the second organic
layer is depleted, and the carriers can be effectively
injected in the first organic layer.

In the present invention, the material for the source
and drain electrodes may be the same or different. As
the materials of the source and drain electrodes, materi-
als which can form a Schottky junction or a heterojunc-
tion with the second organic layer are preferably used.
As the material, similar to the gate electrode, a metal, a
conductive oxide, a semiconductor such as Si treated to
decrease its resistance, the above w-conjugated poly-
mer, the o-conjugated polymer, or the derivative of the
w-conjugated polymer or the o-conjugated polymer is
used. When the source and drain electrodes do not
easily form the above junction with the second organic
layer, an insulating layer may be formed between the
source and dramn electrodes and the second organic
layer. If the insulating layer is formed when the junction
1s not easily formed, short circuit between the source
and drain electrodes through the second organic layer
can be prevented. Note that a space between the source
and drain electrodes can be arbitrarily set.

When an organic field effect element according to the
present invention is applied to a liquid crystal display,
element structures other than the field effect element
are the same as those of the general liquid crystal dis-
play. |

Although any insulator can be used as a substrate
material, a substrate material on the side through which
light passes or on which the light is incident must be
transparent within the wavelength region of the light.

As the materials of a pixel electrode, an address line,
a data line, and a counter electrode, a metal, a conduc-
tive oxide, a semiconductor such as Si treated to de-
crease its resistance, the above wr-conjugated polymer,
the o-conjugated polymer, or the derivative of the
w-conjugated polymer or the e-conjugated polymer is
used. A part whach is in contact with the liquid crystal
must consist of an insoluble material in the liquid crys-
tal. In addition, the material for the part on the side
through which light passes or on which the light is
incident must be transparent within the wavelength
region of the light.

As the liquid crystal, a guest-host liquid crystal, a TN
liquid crystal, or a smetic C-phase liquid crystal is used.

The operative principle of an organic field effect
element according to the present invention will be de-
scribed below.
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When a voltage is not applied to a gate electrode,
injection of only a small number of carriers is caused by
an electric field on an interface between a second or-
ganic layer and a first organic layer constituting a
source-drain channel. At this time, if an organic field
effect element has a second organic layer having a car-
rier concentration higher than that of the first organic
layer, the channel has a high resistance, and a current

flowing in the channel is very small.
- When a voltage is applied to the gate electrode to

repel the carriers in the second organic layer from the
gate electrode, a large number of carriers are injected in
the first organic layer from the second organic layer.
For this reason, the resistance of the channel is consid-
erably decreased, and a current flowing in the channel
can be increased.

When a voltage is applied to the gate electrode such
that the carriers in the second organic layer are at-
tracted to the gate electrode, a large number of carriers
are injected in the second organic layer from the first
organic layer. In this case, since the resistance of the
channel becomes higher than that obtained when no
voltage is applied to the gate electrode, a current flow-
ing in the channel can be decreased.

The same operative principle as described above is
obtained when the second organic layer has a stacked
structure consisting of a charge generation layer and a
charge transport layer and when light is irradiated on
the second organic layer to generate carriers.

In a r-conjugated polymer, a o~-conjugated polymer,
or derivatives thereof, there are carriers in a state called

polaron or bipolaron which is a dimer of the polaron.
The polaron has two separated energy bands. When the
number of carriers is small, a Fermi level is located at
almost the center of the two bands, and the organic
layer remains an insulator. When the number of carriers
1s increased in these energy bands, negative charges and
positive charges move in a high-level (close to a vac-
uum level) polaron band and a low-level polaron band,
and the Fermi level shifts into their polaron bands re-
spectively, and the organic layer is changed from an
insulating or semiconductor state to a metallic state,
thereby considerably decreasing the resistance of the
organic layer (e.g., A. J. Heeger et al., Reviews of Mod-
ern Physics, vol. 60, pp. 781-850 (1988); Avadh Saxena
et al.,, Physical Review B, Vol. 35, pp. 3914-3928
(1987); M. A. Abkowitz et al., Philosophical Magazine
B, Vol. 61, pp. 25-57 (1990); and Betts et al., Solid State
Communications, Vol. 74, pp. 461-464 (1990)). There-
fore, when these conjugated polymers are used for the
first organic layer, and a sufficient number of carriers
are injected from the second organic layer, the first
organic layer becomes a metallic state. As shown in
FIG. 2A (when carriers are negatively charged) and
FIG. 2B (when carriers are positively charged), a

change in Fermi level when the state of the first organic
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the first organic layer, and carriers are confined in the
interface between the first and second organic layers. In
this interface, a metallic layer in which carriers are
two-dimensionally spread is formed, and a current flow-
ing in the channel is greatly increased.

As described above, in an organic field effect element
according to the present invention, an ON current can
be increased to increase an ON/OFF current ratio.
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EXAMPLES

Examples of the present invention will be described
below with reference to the accompanying drawings.

Example 1

FIG. 3 1s a sectional view showing an organic field
eftect element in Example 1. A gate electrode 12 is

formed on a glass substrate 11, and a second organic
layer 13 is formed to cover the entire surface of the gate

electrode 12. A source electrode 14 and a drain elec-
trode 15 are separately formed on the second organic
layer 13, and a first organic layer 16 is formed to consti-
tute a channel between the source electrode 14 and the
drain electrode 15.

This organic field effect element was manufactured as
follows. Polyparaphenylene used for the second or-
ganic layer and a prepolymer of polyparaphenylenevi-
nylene used for the first organic layer were synthesized
in advance. The polyparaphenylene was synthesized by
a method described in Takakazu Yamamoto et al.,
Chemistry Letters, pp. 1211-1214 (1990) such that para-
dibromobenzene was condensed in the presence of Mg
and Ni complex catalysts. The prepolymer of the
polyparaphenylenevinylene was synthesized such that a
sulfonium salt obtained by a reaction between dialkyle-
sulfide and paraxylylene dihalide was polymerized
using a basic catalyst.

This prepolymer will be converted into polypara-
phenylenevinylene by a thermal polymerizing method
described by D. D. C. Bradley, Journal of Physics D:
Applied Physics, vol. 20, pp. 1389-1410 (1987).

An Al layer prospectively serving as the gate elec-
trode 12 was formed on the glass substrate 11 by vac-
uum deposition, and then the polyparaphenylene was
placed in a tantalum boat and heated at 240° C. under
10—4 Pa to be deposited, thereby forming the second
organic layer 13 having a thickness of 200 nm on the
gate electrode 12. A metal mask was fixed on the second
organic layer 13, and Ni was vacuum-deposited,
thereby forming the source electrode 14 and the drain
electrode 15. The space between the source electrode
14 and the drain electrode 15 was set to be 100 um. The
resultant structure was exposed to an iodine vapor using
the source electrode 14 and the drain electrode 15 as
masks to dope I serving as a dopant in the second or-
ganic layer 13. As a result, the carrier concentration in
the second organic layer 13 became 1 1016/cm3. After
a solution of the prepolymer of polyparaphenyleneviny-
lene was cast on the source electrode 14, the drain elec-
trode 15, and the second organic layer 13 by a spinner,
the solution was dried in an Ar atmosphere and heated
at 300° C. under 10—4 Pa to be polymerized, thereby
forming the first organic layer 16 consisting of a
polyparaphenylenevinylene film having a thickness of 2
pm.

In this organic field effect element, a relationship
between a potential vd of the drain electrode with re-
spect to the source electrode and a current Id flowing in
the drain electrode is shown in FIG. 4 using a potential
Vg of the gate electrode with respect to the source
electrode as a parameter. As is apparent from FIG. 4, it
1s found that the current Id is controlled by the potential
Vg. A preferable organic field effect element having a
large ON current and a very large ratio of the ON
current to an OFF current was obtained.
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Example 2

FIG. S 1s a sectional view showing a liquid crystal
display using an organic field effect element having the
same arrangement as that of the organic field effect 5
element in Example 1. A gate electrode 12 formed on a
glass substrate 11 is connected to an address line 21. A
source electrode 14 and a drain electrode 15 formed on

the gate electrode 12 through a second organic layer 13
are connected to a data line 22 and a pixel electrode 23
consisting of ITO, respectively. A first organic layer 16
1s formed on the source electrode 14 and the drain elec-
trode 193, and an insulating layer 24 consisting of poly-
imide is formed on the first organic layer 16 by deposi-
tion to protect the entire surface of the organic field 15
effect element. A counter electrode 26 consisting of
ITO and an insulating layer 27 are formed on a glass
substrate 25 opposite to the glass substrate 11. The glass
substrates 11 and 235 are caused to oppose each other by

a normal method to form a liquid crystal cell, and a 20
liquid crystal 28 is sealed between both the substrates. A
rubbing process is performed to the insulating layers 24
and 27 consisting of polyimide.

The response of this liquid crystal display was exam-
med as follows. While potentials of 0 V and —6 V were
kept applied to the data line (source electrode) and the
counter electrode, respectively, a potential of —30 V
was applied to the address line, and then a potential of
0 V was applied thereto. The liquid crystal was rapidly
turned on in response to the potential of —30 V without 30
any delay, and this ON state was kept. On the other
hand, while potentials of —12 V and —6 V were kept
applied to the data line (source electrode) and the
counter electrode, respectively, a poteatial of —30 V
was applied to the address line, and then a potential of 35
O V was applied thereto. The liquid crystal was rapidly
turned off in response to the potential of —30 V without
any delay, and this state was kept.

In Example 2, carriers are positively charged. In this
case, when the potential of the gate electrode (address
line) is set to be lower than the potential of either the
source electrode (data line) or the drain electrode (pixel
electrode), which has a higher potential, the carriers
flow from one (the substantial source electrode) of the
source and drain electrodes which has a higher poten-
tial, to the other (the substantial drain electrode) of the
source and dram electrodes, which has a lower poten-
tial. The ON and OFF states are controlled by an elec-
tric field formed by the charges.

On the other hand, assume that the carriers are nega-
tively charged. When the potential of the gate electrode
(address line) is set to be higher than the potential of
either the source electrode (data line) or the drain elec-
trode (pixel electrode), which has a lower potential, the
carriers flow from one (the substantial source electrode) 55
of the source and drain electrodes which has a lower
potential to the other (the substantial drain electrode) of
the source and drain electrodes which has a higher
potential. The ON and OFF states are controlled by an
electric field formed by the charges.

When these conditions are satisfied, the potentials of
the address line, the data line, and the counter electrode
can be arbitrarily set.
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FIG. 6 1s a sectional view showing an organic field
effect element according to Example 3. A gate elec-
trode 12 1s formed on a glass substrate 11, a charge

10

generation layer 17 is formed to cover the entire surface
of the gate electrode 12, and a charge transport layer 18
is formed on the charge generation layer 17. The charge
generation layer 17 and the charge transport layer 18
constitute a second organic layer 13. A source electrode
14 and a drain electrode 15 are separately formed on the
second organic layer 13, and a first organic layer 16 is
formed to constitute a channel between the source and
drain electrodes 14, 15.

This organic field effect element was manufactured as
follows. A polysilane derivative used for the charge
transport layer was synthesized in advance. The polysi-
lane derivative was synthesized in accordance with a
method described by J. Devzux et al., European Poly-
mer Journal, Vol. 25, No. 3, pp. 263-266 (1989). That is,
Na was mixed in toluene and refluxed, and phenylme-
thyldichlorosilane serving as a monomer was intro-
duced in the toluene to be polymerized. After the reac-
tion was finished, the Na was treated with ethanol, solid
products (polysilane having a phenyl group and a
methyl group as substitutent groups) was recovered,
washed with deionized water, and dried.

An Al film which was so thin that the film was trans-
parent was vacuum-deposited on the glass substrate 11,
thereby forming the gate electrode 12. An X-type non-
metallic phthalocyanine was dispersed in a trichloroeth-
ane solution containing 2 wt % of a phenoxy resin (a
weight ratio of the phthalocyanine to the resin is 1:1),
and the resultant solution was coated by a spinner and
dried, thereby forming the charge generation layer 17
having a thickness of 200 nm. A solution obtained by
dissolving the above polysilane derivative in toluene
was coated on the charge generation layer and then
dried, thereby forming the charge transport layer 18
having a thickness of 5 um. A metal mask was fixed on
the second organic layer 13 comsisting of the charge
generation layer 17 and the charge transport layer 18,
and Au was deposited on the resultant structure by
electron beam deposition, thereby forming the source
electrode 14 and the drain electrode 15. The space be-
tween the source electrode 14 and the drain electrode
15 was set to be 50 um.

(Bu)4N+ClO4— (Bu is a butyl group) serving as an
electrolyte and pyrrole serving as a monomer were
added to a solution mixture of 99 vol % of well-refined
acetomtrile and 1 vol % of distilled water to have con-
centrations of 0.1 mol % and 0.05 mol %, respectively.
The source and drain electrodes and a Pt plate were
used as working electrodes and a counter electrode,
respectively, and a potential of 3.5 V was applied such
that the working electrodes had a positive potential
with respect to the counter electrode. In this manner,
the above materials were electrochemically polymer-
ized at a constant current having a current density of 0.2
mA/cm? for 10 minutes to stack a polypyrrole layer
having a thickness of 200 nm, thereby forming the first
organic layer 16. In this state, however, since the poly-
pyrrole layer was set in a metallic state doped with
ClO4— 1ons, the working electrodes were kept at a
potential of —2 V for an hour with respect to the
counter electrode so as to set a current flowing in the
working electrodes at 0 A. The resultant structure was
exposed to an ammonia vapor to undope ions. In addi-
tion, the resultant structure was left under a vacuum of
10—4 Pa at 150° C. for about 3 hours.

When the organic field effect element is irradiated
with light, carriers are generated in the charge genera-
tion layer constituting the second organic layer, and the
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carriers are injected in the charge transport layer consti-
tuting the second organic layer. At a time when the
carriers are injected in the first organic layer across the
charge transport layer, a current begins to flow in the
channel. A time interval from when the element is irra-
diated with light to when the current flows in the chan-
nel 1s determined by the carrier mobility and thickness
of the charge transport layer. The magnitude of the
current depends on the intensity of the light and the
generation efficiency of the carriers of the charge gen-
eration layer. There is a merit that these values can be
set to be desirable values. In addition, as the characteris-
tic feature of the organic field effect element, for exam-
ple, serial current signals are generated in response to,
parallelly transferred light signals.

FIG. 7 shows the response of a drain current when
the element 1s trradiated with the light of a Xe flush
lamp having a pulse width of 5 usec from the gate elec-
trode side under the condition where voltages of —5V
and —50 V are applied to the drain and gate electrodes
with respect to the source electrode, respectively. As is
apparent from FIG. 7, this element is an excellent ele-
ment having a large ratio of a current (ON current) in
an light irradiation state to a current (OFF current) in a
non-irradiation state.

In addition, when the organic field effect element is
applied to a liquid crystal display, the ON and OFF
states of the liquid crystal display can be controlled by
light irradiation.

Additional advantages and modifications will readily
occur to those skilled in the art. Therefore, the inven-
tion In its broader aspects is not limited to the specific
details, and representative devices, shown and de-
scribed herein. Accordingly, various modifications may
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be made without departing from the spirit or scope of 35

the general inventive concept as defined by the ap-
pended claims and their equivalents.

What is claimed is:

1. An organic field effect element comprising:

a source electrode and a drain electrode formed sepa-
rately to each other;

a first organic layer constituting a channel between
said source and drain electrodes;

a second organic layer formed to be adjacent to said
channel and having a carrier concentration higher
than that of said first organic layer; and

a gate electrode formed to be adjacent to said second
organic layer and opposite to said channel,

wherein carriers are transferred between said second

and first organic layers in response to a voltage

applied to said gate electrode to change an electri-
cal conductivity of said channel.

2. The element according to claim 1, wherein materi-
als of said first organic layer constituting said channel
and said second organic layer formed to be adjacent to
sald channel are selected from the group consisting of a
w-conjugated polymer, a o-conjugated polymer, and
derivatives thereof. |

3. The element according to claim 2, wherein said
second organic layer contains a dopant selected from
the group consisting of a halogen, a Lewis acid, a pro-
tonic acid, an organic acid, amino acid, a transition
metal compound, and an anion.

4. The element according to claim 2, wherein said
second organic layer contains a dopant selected from
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the group comnsisting of a cation, an alkali metal, an

alkaline earth metal, O;, XeOF4, (NO;+)(SbFg-),
(NO2+)(SbClg~), (NO2+)(BF4—), AgClO4, HyIrClg,

12
La(NOj3)3-6H20, FSO;00SO3F, Eu, acetylcholine,
R4N+ (R is an alkyl group), R4P+ (R is an alkyl group),
ReAs™ (R is an alkyl group), and R3S+ (R is an alkyl
group).

5. The element according to claim 1, wherein a car-
rier concentration N in said second organic layer satis-
fies a condition of N> 55,000 ¢/d2 where d is a thickness
and € 1s a permittivity of said second organic layer.

6. The element according to claim 2, wherein the
m-conjugated polymer is selected from the group con-
sisting of polyparaphenylene, polyacetylene, polypyr-
role, polythiophene, polyfuran, polyselenophene,
polyaniline, polyazulene, polypyrene, polyfluorene,
polyparaphenylenevinylene, polythienylenevinylene,
polybenzofuran, polybenzothiophene, polyindole, poly-
vinylcarbazole, polydibenzofuran, polyisothianaph-
thene, polyisonaphthothiophene, polydiacethylene,
polyphenylenesulfide, and polyphenyleneoxide.

7. The element according to claim 2, wherein the
o-conjugated polymer is selected from the group con-
sisting of polysilane and polygermane.

8. An organic field effect element comprising:

a source electrode and a drain electrode formed sepa-

rately to each other:

a first organic layer constituting a channel between
sald source and drain electrode;

a second organic layer having a stacked structure
consisting of a charge transport layer and a charge
generation layer formed to be adjacent to said
channel, a carrier concentration of said second
organic layer being higher than that of said first
organic layer when light is irradiated on said sec-
ond organic layer; and

a gate electrode formed to be adjacent to said second
organic layer and to be opposite to said channel,

wherein carriers are transferred between said second
and first organic layers in response to a voltage
applied to said gate electrode to change an electri-
cal conductivity of said channel.

9. The element according to claim 8, wherein said
charge generation layer contains a material selected
from the group consisting of an inorganic photoconduc-
tor, metallic phthalocyanine, non-metallic phthalocya-
nine, an azc dye, a penylene pigment, a polycyclic qui-
non pigment, an aggregate complex, and a charge trans-
fer complex.

10. The element according to claim 8, wherein said
charge transport layer contains a material selected from
the group consisting of a 7-conjugated polymer, a o-
conjugated polymer, and derivatives thereof.

11. The element according to claim 8, wherein said
charge transport layer contains a material selected from
the group consisting of a hydrazone compound, a
pyrazoline compound, an oxadiazole compound, a thia-
zole compound, a thiadiazole compound, a ketazine
compound, an enamine compound, an anisidine com-
pound, a stilbene compound, a butadiene compound, a
carbazole compound, and polymer compounds ob-
tained by introducing residual groups thereof to the
main or side chains of polymers.

12. The element according to claim 1, wherein a
material of said gate electrode is selected from materials
which can form a Schottky junction or a heterojunction
with said second organic layer.

13. The element according to claim 12, wherein a
material of said gate electrode is selected from a metal,
a conductive oxide, a semiconductor, a 7-conjugated
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polymer, a o-conjugated polymer, and derivatives of

the 7r-conjugated and the o-conjugated polymers.
14. The element according to claim 1, wherein mate-
rials of said source and drain electrodes are selected

from materials which can form a Schottky junction ora >

heterojunction with said second organic layer.

15. The element according to claim 14, wherein mate-
rials of said source and drain electrodes are selected
from a metal, a conductive oxide, a semiconductor, a
w-conjugated polymer, a o-conjugated polymer, and
derivatives of the 7-conjugated and the o-conjugated
polymers.

16. A liquid crystal display comprising two substrates

arranged to be opposite to each other, a pixel electrode
and a drive element formed on an inner surface of one
substrate, a counter electrode formed on an inner sur-
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face of the other substrate, and a liquid crystal sealed
between said substrates,

wherein said drive element includes

a source electrode and a drain electrode formed sepa-
rately to each other:

a first organic layer constituting a channel between
said source and drain electrodes:

a second organic layer formed to be adjacent to said
channel and having a carrier concentration higher
than that of said first organic layer; and

a gate electrode formed to be adjacent to said second
organic layer and to be opposite to said channel,

wherein carriers are transferred between said second
and first organic layers in response to a voltage
applied to said gate electrode to change an electri-

cal conductivity of said channel.
¥ %k * * %k
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